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HORIZONTAL EDDY DIFFUSIVITIES I N  THE  NORTHERN HEMISPHERIC STRATOSPHERE 

AND LOWER MESOSPHERE 

by  

S. K. Kao, R. J .  Okras insk i   and N. J.  L o r d i  

U n i v e r s i t y   o f   U t a h  

SUMMARY 

Meteoro log ica l   rocke t   sound ings ,   launched  be tween  1969-74  a t   s ix  
l o c a t i o n s   r e p r e s e n t a t i v e   o f   l o w ,   m i d d l e  , and h i g h  a1 ti tudes , are  employed 

w i t h   t h e   u s e   o f   t h e   s t a t i s t i c a l   t h e o r y   o f   d i f f u s i o n ,   t o   d e t e r m i n e   t h e  
zonal  and  meridional  component o f  eddy d i f f u s i v i t y  between 30 and 55  km 

as a f u n c t i o n  o f  season, l a t i t u d e ,   a n d   a l t i t u d e .  A comparison i s   a l s o  

made b e t w e e n   a n n u a l l y - a v e r a g e d   e d d y   d i f f u s i v i t i e s  above  and  below 30 km. 

It i s  shown t h a t   t h e   z o n a l  component o f  eddy d i   f f u s i   v i  ty  i s   a p p r o x i -  
m a t e l y   t h r e e   t o   f i v e   t i m e s  as l a r g e  as the  mer id ional   component ,  i n  most 

cases.  Both  components o f  eddy d i f f u s i v i t y   v a r y   g r e a t l y   w i t h  season, 

l a t i t u d e ,   a n d   a l t i t u d e .   H i g h e s t   e d d y   d i f f u s i v i t i e s ,   f o u n d   i n   t h e   v i c i n i t y  

o f  t h e   w i n t e r   w e s t e r l y   j e t ,   a r e   a p p r o x i m a t e l y  one o r d e r   o f   m a g n i t u d e  
h i g h e r   t h a n   t h o s e   p r e s e n t   d u r i n g   t h e  summer. T r o p i c a l   e d d y   d i f f u s i v i t i e s ,  

however,  remain r e l a t i v e l y   s m a l l   t h r o u g h o u t   t h e   y e a r .   A n n u a l l y ,  a m i n i -  

mum i s   i n d i c a t e d   n e a r  25 km between maximums l o c a t e d   a t   t h e   s t r a t o p a u s e  

and  tropopause. 





of  wind ve loc i ty  measured between 28 and 57 km by meteorological  rockets 
launched  between 1969-74 a t   v a r i o u s   l a t i t u d e s .  Annual eddy d i f f u s i v i t i e s  
a re   a l so   ca l cu la t ed  and  compared With eddy d i f f u s i v i t i e s  below 30 km. 

THEORETICAL BACKGROUND 

S t a t i s t i c a l   t h e o r y ,   f i r s t   f o r m u l a t e d  by G .  I .   Taylor   (1921) ,  i s  used 
to  determine  the  zonal and meridional components of   eddy  diffusivi ty .  The 
turbulen t  component of wind ve loc i ty  i n  t he  i t h  d i r e c t i o n ,  u i ( t ) ,  i s  assumed 
t o  be s t a t i s t i c a l l y   s t a t i o n a r y  i n  which case the au tocorre la t ion   func t ion  

where 

i s  both s t a t iona ry  and even.  If the au tocor re l a t ion   func t ion   i s   i n t e -  
grated between 0 and some 1 a g  tL , where R (  tL) approaches 0 ,  the   resu l t ing  
q u a n t i t y   i s  known as   the   in tegra l  time sca l e  

t L  
I i  = ,/ R i ( T ) d - c  . 

0 

Taylor  (1921 ) demonstrated t h a t  the r a t e   o f  change o f  the  square 
o f   pa r t i c l e   d i s t ance  can be expressed as  

where ULi  i s  the Lagrangian wind v e l o c i t y ,   o r  the ve loc i ty   o f  a f l u i d  
pa r t i c l e .   S ince  
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I n t e g r a t i n g   b o t h   s i d e s   w i t h   r e s p e c t   t o  t and l e t t i n g   t ' = t - r  

t t '  1 [ x i 2 ( t ) ]  = J J [ u L i ( t ' - T )   u L i ( t '   ) I d r   d t '  2 
0 0  

S u b s t i t u t i n g  (1 )  remembering t h a t  R i b )  = Ri(-r) 

w h i c h   f o r   l a r g e   d i f f u s i o n   t i m e  t becomes 

(r) d r   d t ' .  

i v i  t y  can  be  expressed as 

1959 a f i x e d   l o c a t i o n ,   a r e  more f requent ly   measured.  Hay and   Pasqu i l l  ( 
assumed t h a t   t h e   E u l e r i a n   a u t o c o r r e l   a t i o n   f u n c t i o n   c o u l d  be r e 1   a t e d  

t h e   L a g r a n g i a n   a u t o c o r r e l a t i o n   f u n c t i o n   b y  

t o  

where 

Bi i s  a cons tan t .  
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I 

I n t e g r a t i n g   b o t h   s i d e s   f r o m  0 t o   i n f i n i t y  

m m 

REi(~) d-r = RLi (Bi-r) d (Bi-c) 
0 0 

so t h a t  

BiIEi = ILi. 

We can,   there fore ,   de termine   the   zona l   and  mer id iona l  components 

o f  e d d y   d i   f f u s i v i  ty b y  

Fo r   t he   case   o f  1 a rge -sca le   t u rbu lence  , Kao and  Bul lock  (1964)  and 

Murgatroyd  (1969)  have  found Bi t o  be  between  .3  and  .6 f o r   h e i g h t s  

r a n g i n g   u p   t o   t h e   l o w e r   s t r a t o s p h e r e .   H o w e v e r ,   s i n c e   u p p e r   s t r a t o s p h e r i c  

and   mesospher i c   dynamics   a re   i nhe ren t l y   d i f f e ren t   f rom  t ropospher i c  

mot ions ,  i t  wou ld   be   expec ted   tha t  Bi v a l u e s   s h o u l d   d i f f e r .   I n   t h i s  

s tudy  Bi v a l u e s   w e r e   f o u n d   u s i n g   t h e   f o l l o w i n g   r e l a t i o n s h i p   ( K a o ,   1 9 6 5 ) :  

where C represents   the   phase  speed o f  the  dominant wave a t  a p a r t i c u l a r  

a1 ti tude  and ii i s   t h e   v a l u e   o f   t h e  mean zonal   wind. 

F o r   t h e   w i n t e r   a n d   f a 1  1 seasons,  values o f  c a t   l e v e l s  up t o  55 km 
w e r e   o b t a i n e d   w i t h   t h e   u s e   o f   j o i n t  NASA and NOAA h igh  a tmosphere  synopt ic  

ana lyses   f o r   1972  (NASA SP-3091 , 1975). Due t o   t h e   r e l a t i v e   f l a t n e s s   o f  
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p r e s s u r e   p a t t e r n s   i n   t h e   s p r i n g   a n d  summer the  above  synopt ic   analyses 

c o u l d   n o t  be used;  however, Muench (1968)  analyzed  summert ime  bal loon 

ascents i n   o r d e r   t o   d e t e r m i n e   t h e   e x i s t e n c e   o f  a dominant 12 day 

t r a v e l i n g   p l a n e t a r y  wave f o r   l a t i t u d e s   f r o m  20 - 50"N ranging  between 

25 - 45 km. T h i s   i n f o r m a t i o n ,   t o g e t h e r   w i t h  a knowledge o f   t h e  mean 

z o n a l   w i n d s ,   y i e l d  a Bi o f  a b o u t   1 / 3   f o r   b o t h   s t r a t o s p h e r e   a n d   l o w e r  

mesosphere. The w i n t e r t i m e   s t r a t o s p h e r e   i s   d o m i n a t e d   b y   v e r t i c a l l y  

p r o p a g a t i n g   q u a s i - s t a t i o n a r y  waves lead ing   t o   ve ry   sma l l   phase   speed  

and  hence  small Bi. Using  phase  speeds  determined  from  the  upper  atmos- 

p h e r i c   s y n o p t i c   a n a l y s e s ,  i t  was d e t e r m i n e d   t h a t  Bi ranged  between 

.56 a t  30 km and  .12 a t  55 km i n   w i n t e r  and  between  .33 a t  30 km and 

. 0 8   a t  55 km i n   f a l l .  Values  used i n   t h i s   s t u d y   a r e   g i v e n   i n   T a b l e  35. 

METHODS  OF  COMPUTATION 

Rocketsonde  Data 

Z o n a l   a n d   m e r i d i o n a l   w i n d   v e l o c i t i e s ,   i n  one k i l o m e t e r   i n c r e m e n t s  

between  28  and 57 km, were  obtained  f rom  rocketsondes  launched  between 

1969-74 i n   t h e  Western  Meridional   Network.  NASA W a l l o p s   I s l a n d ,   V i r g i n i a ,  

supp l i ed   t he   necessa ry   da ta .   A l though   rocke tsonde   l aunch ings   a re   o f ten  

schedu led   eve ry   two   o f   t h ree   days ,   t he re   a re   occas iona l l y  much l a r g e r  gaps 

between  observat ions.  On the   o the r   hand ,  some launch ings   a re  one  day 

a p a r t   o r   l e s s .   I n   o r d e r   t o   a n a l y z e   l a t i t u d i n a l   c r o s s - s e c t i o n s  o f  t h e  

Nor thern   Hemisphere ,   the   fo l low ing   ten   s ta t ions   were   se lec ted :  

1. Poker   F la ts ,   A laska  (65"N,  148"W) 

2. Ft .   Greely,   Alaska  (64"N, 146"W) 

3. F t .   C h u r c h i l l  , Canada (59"N , 94"W) 

4 .   Wa l lops   I s land ,   V i rg in ia   (38 "N ,  75"W) 

5. P t .  Mugu, C a l i f o r n i a  (34"N, 119"!J) 

6. White  Sands, New Mexico  (32"N, 106"W) 

7. Cape Kennedy, F lo r ida   (28"N , 81 "Id) 

8.  Barking  Sands,  Hawaii   (22"N, 160"W) 

9. F t .  Sherman , Panama (9"N, 80"W) 
10. Kwa ja le in ,   Marsha l l   I s l ands   (9 "N ,  16S"W) 
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Because of   l a rge   gaps   ex is t ing   a t  some of   the above loca t ions  , the  follow- 
i n g   s t a t i o n s   c l o s e   i n   l a t i t u d e  were  combined: 

1 .  F t .  Greely,  Poker  Flats , F t .  Churchill 
2. P t .  Mugu, White  Sands 
3. Kwajalein, F t .  Sherman 

Wind v e l o c i t i e s  were, the re fo re ,   ava i l ab le   fo r  six l a t i t u d e s .  
The s p a r s i t y   o f  the rocket  network  prevented any consideration  of 

longi tudina l   var ia t ions .  I t  should  also be noted   tha t  eight of  the ten 
s t a t ions   a r e   l oca t ed  i n  North  America so tha t   dur ing  t h e -  winter  and f a l l  
the quan t i t i e s  computed  and i l l u s t r a t e d  i n  th is  s tudy  are  more representa-  
t i v e  o f  that   continent  than  they  are of the Northern  Hemisphere in  general .  
During spr ing and summer, the flow i s  almost  symmetric  around the pole 
due to   the  t rapping  of   ver t ical ly   propagat ing  planetary waves by the  
mean easterly  f low  (Charney and Drazin , 1961).  

For the  purposes   of   this   s tudy,   the   data  were d iv ided   in to   the  
following  four  seasons:  winter  (January-March);  spring  (April-June); 
summer (July-September); and fa1 1 (October-December),  For  each  six-year 
period, the number of  launch  days  available i n  each  season  ranged from 
110 - 160 a t  Wallops  Island  to 290 a t  some of the combined loca t ions .  

Since most rocketsondes  are  launched  near  local  noon,  fluctuations 
due t o  the d iu rna l   o sc i l l a t ion  were eas i ly   avo ided .   F i r s t ,   f o r  each 
s ta t ion,   a l l   soundings  launched  several   hours   outs ide  of  the estimated 
mean launch  time were v i sua l ly   ed i t ed .  For each a1 t i t u d e ,   a l l   r o c k e t -  
sonde  data from the same day  were then averaged.  Finally , for   each  year  , 
season , and s t a t i o n  a mean launch  time was ca l cu la t ed ,  and a1 1 data   not  
acquired w i t h i n  three  hours  of th is  quant i ty  were re j ec t ed .  

Instrument   errors  i n  the above data  were reduced by performing a 
three  point  vertical   smoothing a t  55 , 50 , 45 , 40, 35 , and 30 km. Next , 
gross   e r ro r s  were el iminated by removing a 1 inea r  trend f o r  each  year,  
s eason ,   s t a t ion ,  and a l t i t u d e  , and then rejecting a l l   v e l o c i t i e s   g r e a t e r  
than 2.3 mul t ip l ied  by the s tandard   devia t ion .   F ina l ly ,  from the ed i t ed  
da t a ,  the mean zonal and meridional w i n d  v e l o c i t i e s  were ca lcu la ted  and 
l i n e a r  trends were again removed, i n  o rder  t o  obtain the turbulent  
f l uc tua t ions   necessa ry   t o  compute the variances  and autocorrel   a t ions.  
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Since   s i x -yea r   au toco r re la t i on   f unc t i ons   were   des i red ,  

N(T) 
Ru(.c) = ( c u i ( t )   u i ( t + - r ) / ( F I ( ~ ) c i  2 ) 

i = l  

were   ca l cu la ted   f o r   each   season ,   s ta t i on ,   and   l a t i t ude ;   where   u ( t )   and  

v ( t )   a r e   t i l e   z o n a l   a n d   m e r i d i o n a l   w i n d   p e r t u r b a t i o n s ,  T i s   t h e   l a g   t i m e ,  

N ( T )  i s   t h e   t o t a l  number o f  soundings, T days a p a r t ,   d u r i n g   t h e   s i x - y e a r  

per iod,   and oU2 and  oV2  a re   the   to ta l   s ix -year   zona l   and  mer id iona l  

variances.  Ru(0)  and  Rv(0)  were assumed t o  be 1 .  I n   t h i s  manner, yea rs  

w i t h  more wind  measurements  were  given more w e i g h t   i n   t h e   c a l c u l a t i o n s .  

A1 t h o u g h   a u t o c o r r e l a t i o n s   w e r e   c a l c u l a t e d   f o r  a1 1 lags  between 1 and  40 

days  whenever N ( T )  was g r e a t e r   t h a n  34, most  values o f  N ( T )  ranged 

between 80 - 1 4 0   f o r  T l e s s   t h a n  10 days. 

The E u l e r i a n   i n t e g r a l   t i m e   s c a l e s   w e r e   o b t a i n e d   b y   i n t e g r a t i n g  

t h e   a u t o c o r r e l a t i o n   f u n c t i o n s   w i t h   r e s p e c t   t o  T .  A f t e r   l i n e a r   r e g r e s -  

s i o n s   w i t h   a l t i t u d e  were  computed a t  e a c h   s t a t i o n  , the   smoo thed   i n teg ra l  

t ime   sca les   were   mu l t i p l i ed   by   t he   va r iances   and   t he   Lag rang ian   t rans -  

fo rma t ion  Bi , i n   o r d e r   t o   o b t a i n   t h e   z o n a l  and  meridional   components o f  

eddy d i   f f u s i v i  ty. 

Six-Year   seasor ia l   means,   var iances,   Euler ian  in tegra l   t ime 

s c a l e s   a n d   e d d y   d i f f u s i v i t i e s   i n '   t h e   z o n a l   a n d   m e r i d i o n a l   d i r e c t i o n  

a r e   t a b u l a t e d   i n   T a b l e s  1 -35  and  analyzed i n   F i g u r e s   1 - 3 4 .  

Radiosonde  Data 
For  the  sake o f  comparison , i t  was d e s i r a b l e   t o   c a l c u l a t e  some 

eddy d i f f u s i v i t i e s   f o r   t h e   t r o p o s p h e r e   a n d   l o w e r   s t r a t o s p h e r e .   I n t e g r a l  
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t i m e   s c a l e s   w e r e   r e a d i l y   a v a i l a b l e   f r o m  Kao and  Gain  (1968)  and Kao and 

Powell   (1969) , who computed t h e   a n n u a l   L a g r a n g i a n   a u t o c o r r e l a t i  on f u n c t i o n s  

f r o m   t h e   s u r f a c e   t o  32 km a t  47"N. F o r t u n a t e l y ,   t h e   i n t e g r a l   t i m e   s c a l e s  
v a r y   w i t h   l a t i t u d e  much l e s s   t h a n   t h e   v a r i a n c e s .  The l a t t e r ,  computed 

f rom  s tandard   dev ia t i ons   ca l cu la ted   f rom  rad iosondes   l aunched   be tween  

J u l y  1957 - December  1964,  and tabulated  by  Newel1  and  others  (19721, 

w e r e   a v a i l a b l e   i n  10"  increments  between O"N and 70"N. 
Eddy d i f f u s i v i t i e s ,   c a l c u l a t e d   w i t h   t h i s   d a t a ,   w e r e   t h e n   c o m b i n e d  

w i t h   t h e   a n n u a l  mean d i f f u s i v i t i e s   p r e v i o u s l y  computed  above 30 km, t o  

o b t a i n   t h e   l a t i t u d i n a l   c r o s s   s e c t i o n s  shown i n   F i g u r e s  33 and 34. 

DISCUSSION OF THE  RESULTS 
E-W Mean 

The  dominance o f   t h e   w e s t e r l i e s ,  between  August  and A p r i l  , and 

t h e   e a s t e r l i e s ,   d u r i n g   t h e   s p r i n g  and summer, a r e   c l e a r l y  shown i n  

Figures  1-4.  Maximum eas te r l y   w inds   a re  somewhat weaker  and  are 
l o c a t e d   a t  a l o w e r   l a t i t u d e   t h a n   t h e  maximum w i n t e r   w e s t e r l i e s .   I n  

F igures  1 and  4, some i n d i c a t i o n   o f   t h e  semi - a n n u a l   o s c i   1 1   a t i o n   i s  seen 

near   the   equator ia l   s t ra topause,   where   the   annua l  wave ampl i tude i s   c l o s e  

t o   z e r o   a c c o r d i n g   t o   B e l m o n t   e t   a l .   ( 1 9 7 3 ) .  

N-S Mean 

As shown i n   F i g u r e s  5-8, t h e   m e r i d i o n a l  component o f  mean w ind  

v e l o c i t y   i s   a p p r o x i m a t e l y   o n e - f i f t h  as  s t r o n g  as the  zonal   wind.   Again,  

a s e a s o n a l   v a r i a t i o n   e x i s t s ,   w i t h  weaker  winds i n  e v i d e n c e   d u r i n g   t h e  

s p r i n g  and  sumner.   Both  seasons  are  character ized  both  by  two weak 

maximums o f   s o u t h e r l y   f l o w   l o c a t e d   i n   t h e   l o w e r  mesosphere  near 45"N  and 

20"N and e x t r e m e l y  weak f l ow   be low 45 km. I n   c o n t r a s t ,   w i n t e r  and f a l l  
a r e   d o m i n a t e d   b y   r e l a t i v e l y   s t r o n g   n o r t h e r l i e s   i n   t h e   m i d d l e   s t r a t o s p h e r i c  

p o l a r   r e g i o n s   a n d   s t r o n g   s o u t h e r l y   f l o w   i n   t h e   l o w e r   m e s o s p h e r i c   m i d d l e  

l a t i t u d e s .  
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E-W Variance 

Zonal   var iances  are  analyzed i n  Figures  9-12, i n  o r d e r   t o   o b t a i n  

some e s t i m a t e   o f   t h e   a v e r a g e   z o n a l   e d d y   i n t e n s i t y .  A much more  marked 

seasonal , l a t i t u d i n a l  , and a1 ti t u d i n a l  dependence i s   e v i d e n t ,   w i t h  an 

o r d e r   o f   m a g n i t u d e   d i f f e r e n c e   s e p a r a t i n g   t h e   v a r i a n c e s  i n  the   midd le   and 

h i g h   l a t i t u d e   w e s t e r l i e s   f r o m   t h o s e   i n   t h e  summer e a s t e r l i e s .   B e l o w  25"N, 

however ,   t he   d i f f e rence   be tween   w in te r   and   sp r ing   d im in i shes   w i th   dec reas -  

i n g   l a t i t u d e   u n t i l   n o   s e a s o n a l   v a r i a t i o n   i s   e v i d e n t   s o u t h   o f  10"N. The 

l o w e s t   v a r i a n c e s   a r e   a l s o   f o u n d   i n   t h i s   r e g i o n ,   g e n e r a l l y   b e l o w  3 5  km. 

Spr ing  and summer a re   cha rac te r i zed   by   bo th  an absence o f  l a t i t u d i n a l  

v a r i a t i o n  and a p o s i t i v e   c o r r e l a t i o n   o f   v a r i a n c e   w i t h  a1 ti tude.  I n  c o n t r a s t ,  

w i n t e r   a n d   f a l l   a r e   m a r k e d   b y   l a r g e   l a t i t u d i n a l   c h a n g e s ;   w i t h  maximum v a r i -  

a n c e s   l o c a t e d   i n   t h e   v i c i n i t y   o f   t h e   w i n t e r   w e s t e r l y   j e t .  The fa1  1 

l a t i t u d e - h e i g h t   s e c t i o n   d i f f e r s  somewhat f r o m   t h e   w i n t e r   i l l u s t r a t i o n ,  

however,  due t o   t h e   l o w e r   v a r i a n c e s   e v i d e n t   b e l o w  45 km and t o   t h e   p r e -  

sence o f  a second  s t rong maximum n e a r   t h e   s u b t r o p i c a l   s t r a t o p a u s e .  

N-S Var iance 

L a t i t u d i n a l   c r o s s   s e c t i o n s   o f   t h e   m e r i d i o n a l   v a r i a n c e s   a r e   a n a l y z e d  

i n  F igures  13-16. A l though   l ess   t han   one -ha l f   t he   magn i tude   o f   t he   zona l  

v a r i a n c e s ,   t h e y   c h a n g e   s i m i l a r l y   w i t h   s e a s o n ,   l a t i t u d e ,   a n d   a l t i t u d e .  A 
l a c k   o f   s e a s o n a l   v a r i a t i o n   i s   a g a i n   i n d i c a t e d   f o r   t h e   t r o p i c a l   r e g i o n s ;  

w h i l e   t h e  more n o r t h e r n   l a t i   t u d e s   a r e   c h a r a c t e r i z e d   b y  an o r d e r  o f  magnitude 

d i f fe rence  be tween summer a n d   w i n t e r .   V a r i a n c e s   i n   t h e   m i d d l e   s t r a t o s p h e r i c  

equa to r ia l   reg ions   a re   aga in   sma l l .   Du r ing   sp r ing   and  summer, a gradual  

i n c r e a s e   w i t h   a l t i t u d e   i s   a l s o   c h a r a c t e r i s t i c  o f  t h e   m e r i d i o n a l   v a r i a n c e s .  

L a r g e   l a t i t u d i n a l   v a r i a t i o n s   a r e   a g a i n   i n d i c a t e d   f o r   w i n t e r   a n d   f a l l ,   b u t ,  

i n   t h e   l a t t e r  season,  the maximum i s   l o c a t e d   i n   t h e   p o l a r  mesosphere  instead 

o f   a t   t h e   m i d - l a t i   t u d e   s t r a t o p a u s e .  

E-W I n t e g r a l  Time  Scale 

The z o n a l   E u l e r i a n   i n t e g r a l   t i m e   s c a l e s ,   i l l u s t r a t e d   b y   F i g u r e s  

17-20, e x h i b i t  a much smal l e r   v a r i a t i o n   w i t h  season , 1 a t i   t u d e  , and 

a1 t i t u d e   t h a n   t h e   v a r i a n c e s .   I n   t h e   t r o p i c s  , b o t h  a l a c k   o f   s e a s o n a l  
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v a r i a b i l i t y  and shor t   in tegra l   t ime  sca les   a re   charac te r i s t ic .  The 
longest  t ime  scales  in the middle and h i g h  l a t i t u d e s   a r e  present during 
the summer and f a l l  when they  are  approximately  twice  as  long  as  those 
found  during the res t  of the year .  Maximums are   loca ted   in  the mid- 
l a t i t u d e   s t r a t o s p h e r e  d u r i n g  the win ter ,   spr ing ,  and summer; a t  the mid- 
l a t i t ude   s t r a topause  i n  summer and f a l l ;  and above 45 km i n  the subtropics  
during  winter  and f a l l .  

N-S In tegra l  Time Scale  
The meridional   Euler ian  integral   t ime  scales ,   i l lust rated  in  

Figures 21 -24,   are   apparent ly   only  one-third  to   one-f i   f th   as   long  as   their  
zonal  counterparts.  Again, the shortest   t ime  scales   are   found  near  the 
equator   and,   again,   seasonal   var ia t ion  is   lacking  in   this   region.  In 
t h i s   c a s e ,  however,   the  longest  integral   t ime  scales  occur  during the 
winter  a n d  f a l l .  Maximums are   ev ident   in   the   middle   l a t i tudes  below 45 k m ,  
during  the summer, f a l l ,  and winter ;   in  the subt ropics  above  50 k m ,  in   the  
s p r i n g ,  summer, and f a l l ;  and in the polar  middle  stratosphere  during 
spr ing.  

E-W Eddy Di f f u s i  v i  ty 
A strong  seasonal , l a t i t u d i n a l  , and a l t i t ud ina l   va r i a t ion   o f   t he  

zonal component of   eddy   d i f fus iv i ty  i s  apparent i n  Figures 25-28. The 
smal les t   d i f fus ion   ra tes   occur   in   the   equator ia l   reg ions ,  where a lack  of 
seasonal  variation i s  evident .   Seasonal ly ,   in  the more no r the rn   l a t i t udes ,  
the smallest   eddy  diffusivi t ies   occur   during  the  spr ing,   wi th somewhat 
higher diffusion  ra tes   expected i n  the  summer, and much more rapid 
d i f f u s i o n   i n d i c a t e d   f o r   t h e   f a l l  and winter .  Two s t r o n g   d i f f u s i v i t y  
maxima a r e   c h a r a c t e r i s t i c   o f  the l a t t e r  two seasons,   as  well   as  strong 
d i f fus iv i ty   g rad ien ts   for   these   seasons  between 20"N and 30"N a t   a l l  
l eve l s .  The s t rong  winter t ime maximum occurs  around 38"N a t  35 km,  
while  separate  fa1 1 maxima are  evident  around 30"N a t  about 33 km and 
50 km. Much weaker  gradients  prevail i n  s p r i n g  and summer a t  most l eve l s ;  
however, a no t iceable   increase  i n  eddy d i f f u s i v i t y  i n  summer occurs above 
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40 km a t  50"N. The p r e v a i l i n g   f a c t o r  i n  t h e   d e t e r m i n a t i o n   o f   t h e   w i n t e r -  

t i m e   e d d y   d i f f u s i v i t y  maximum appears t o  be  the  genera l   increase i n   t h e  

va r iance  i n  t h i s   r e g i o n .  

N-S Eddy D i  f f u s i   v i  t y  

Many s i m i l a r i t i e s  between  the l a t i  tude-a1 t i t u d e   s e c t i o n s   o f   t h e  

m e r i d i o n a l  component o f  eddy d i   f f u s i v i  ty  ana lyzed   i n   F igu res   29 -32   and   t he  

f o u r   p r e v i o u s   i l l u s t r a t i o n s   a r e   o b v i o u s .   A g a i n  , bo th  an o r d e r   o f   m a g n i t u d e  

d i f f e r e n c e   b e t w e e n   t h e   d i f f u s i v i t i e s   i n   t h e  summer e a s t e r l i e s  and   w in te r  

wes te r l i es   and  a l a c k   o f   s e a s o n a l   v a r i a b i l i t y   s o u t h   o f  1O"N a r e   e v i d e n t .  

A l t i t u d e  and, d u r i n g   t h e   w i n t e r   a n d   f a l l   l a t i t u d e   a r e   a g a i n   i m p o r t a n t .  

Summer and s p r i n g   a n a l y s e s   a r e   s i m i l a r   i n   d i s t r i b u t i o n  and  magni tude,   wi th  

maximum eddy d i f f u s i v i t i e s   o c c u r r i n g  above  the   s t ra topause.  The w i n t e r  

maximum again  occurs  around 35 km a t  40"N, and a s t r o n g   w i n t e r t i m e   d i f -  

f u s i v i t y   g r a d i e n t   i s   a p p a r e n t   b e t w e e n  30"N and 40"N a t   l e v e l s  up t o  50 km. 

F a l l   d i f f u s i v i t i e s   a r e   r e l a t i v e l y   s m a l l   b e l o w  50"N;  however, n o r t h   o f  

50"N va lues   i nc rease   reach ing  maximum around 60"N between  30  and 35 km. 

It may be n o t i c e d   t h a t   i n   a l l  cases   t he   mer id iona l  component o f   d i f f u s i v i t y  

i s   s u b s t a n t i a l l y   l e s s   t h a n   i t s   z o n a l   c o u n t e r p a r t .  The w i n t e r   m e r i d i o n a l  

maximum i s  about   one-quar te r   the   zona l  maximum, w h i l e   t h e  summer maximum 

i s  an o r d e r   o f   m a g n i t u d e   l e s s   t h a n   i t s   z o n a l   c o u n t e r p a r t .  

Annual  Eddy D i f f u s i v i  ty 

The v a r i a t i o n   w i t h   a l t i t u d e ,  and l a t i t u d e   o f   t h e  mean annual   zonal  

and m e r i d i o n a l  components o f  eddy d i f f u s i v i t y   i s  seen i n   F i g u r e s  33  and  34. 

O b v i o u s l y ,   t h e s e   i l l u s t r a t i o n s   c a n  be d i scussed   s imu l taneous ly   s ince   t he  

o n l y   m a j o r   d i f f e r e n c e s   a r e   t h e  more n o r t h e r l y   p o s i t i o n i n g   o f   t h e   m e r i d i o n a l  

maximum a n d   t h e   g r e a t e r   d i f f u s i o n   r a t e s   e v i d e n t   i n   t h e   z o n a l   d i r e c t i o n .  

W i t h   r e s p e c t   t o   t h e   z o n a l   e d d y   d i f f u s i v i  ty component t h e r e   i s  a t ropo -  

pausal maximum a t  40'14 and a maximum o f  equa l   magn i tude  a t  40"N a t  a 

l e v e l   o f  35 krn. T r o p i c a l   v a l u e s   a r e   1 0 - 2 0   p e r c e n t   o f   t h e   m i d - l a t i t u d e  

va lues .  The mer id iona l  component maximum i n   t h e   t r o p o s p h e r e   i s   a b o u t  

o n e - h a l f   i t s   z o n a l   v a l u e ,   w h i l e   t h e   s t r a t o s p h e r i c  maximum i s  about 
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one-third i t s  zonal value. The meridional stratospheric maximum shifts 
northward t o  60"N, while stratospheric values of this component are very 
smal 1 south of 40"N. 
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F i g .   1 .   L a t i t u d e - h e i g h t   s e c t i o n  o f  t h e  mean zona l   w ind  (m sec ” ) ,  
Winter  1969-1  974. 
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Fig.  3.  L a t i t u d e - h e i g h t   s e c t i o n  o f  t h e  mean zona l   w ind  (m sec" 1, 
Summer 1969-1 974. 
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Fig. 4. Latitude-height  section o f  the  mean  zonal wind (m sec-l), 
Fa1 1 1969-1 974. 
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LATITUDE (ON) 

Fig.  5. L a t i t u d e - h e i g h t   s e c t i o n  of t h e  mean m e r i d i o n a l   w i n d  (m sec-I), 
I J i n t e r  1969-1974. 
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F i g .  6 .   L a t i t u d e - h e i g h t   s e c t i o n  o f  t h e  mean m e r i d i o n a l   w i n d  (m sec”) ,  
Spr ing   1969-1  974. 
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F ig .  8. La t i tude-he ight   sec t ion  of the  mean mer id ional  wind (m sec”), 
Fa1 1 1969-1  974. 
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F ig .  9. La i tude-height   sect ion of the   var iance  of the  zonal  wind 
(m) sec-*),  Winter 1969-1 974. 

22 



56 - 

50 - 

- 
E 

4 5 -  cc 

w 
3 

5 40-  

n 

t 
a 

35 - 

30 I 0, 1 I O  0 I O  
0 ,  1 0  1 

70 60 50 4 0  30 20 10 0 
LATITUDE (ON) 

F i g .  10. L a t i t u d e - h e i g h t   s e c t i o n  o f  t h e   v a r i a n c e  o f  the   zona l   w ind  

(m2 sec-') , S p r i n g  1969-1 974. 
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Fig.   12 .   Lat i tude-height   sect ion of the   var iance o f  the  zonal wind 
(m2 secm2),  Fa1 1 1969-1974. 
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Fig. 13. Latitude-height section o f  the  variance o f  the meridional wind 
(m2 Winter 1969-1 974. 
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Fig. 1 5 .  Latitude-height  section o f  the  variance of the  meridional wind 
(m2 sec-*),  Summer 1969-1974. 
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LATITUDE ( O N )  

F ig.   16.   Lat i tude-height   sect ion of the   var iance of the  meridional  wind 
(m2 sec-*) ,   Fall   1969-1974. 

29 



LATITUDE (ON) 

F i g .  17. La t i tude-he ight   sec t ion  o f  the Euler ian   in tegra l   t ime  sca le  o f  
the zonal component of turbulent ve loc i ty   (day) ,   Winter  1969- 
1974. 
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Fig.  18.   Latitude-height  section o f  the   Euler ian  in tegra l   t ime  scale  o f  
the  zonal component o f  turbulent   ve loci ty   (day) ,   Spr ing 1969- 
1974. 
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F i g .  19. Lat i tude-height   sect ion of the   Euler ian  integral   t ime  scale  o f  
the  zonal  component of t u rbu len t   ve loc i ty   (day ) ,  Summer 1969- 
1974. 
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Fig. 20. Latitude-height  section of the  Eulerian integral time scale of 
the zonal  component of turbulent  velocity  (day),  Fall 1969- 
1974. 
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F i g .  21. L a t i t u d e - h e i g h t   s e c t i o n  o f  t h e   E u l e r i a n   i n t e g r a l   t i m e   s c a l e  o f  
t h e   n l e r i d i o n a l  component o f  t u r b u l e n t   v e l o c i t y   ( d a y ) ,   W i n t e r  
1969-1 974. 
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Fig. 22. Latitude-height  section o f  the Eulerian integral time scale of 
the meridional component o f  turbulent  velocity  (day), Spring 
1969-1 974. 
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Fig. 23. Latitude-height  section of the  Eulerian  integral time scale o f  
the  meridional component o f  turbulent  velocity  (day), Summer 
1969-1 974. 
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Fig. 24. Latitude-height  section of the  Eulerian  integral time scale o f  
the  meridional component of turbulent  velocity  (day),  Fall 
1969-1 974. 
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F ig .  25. L a t i t u d e - h e i g h t   s e c   i o n  o the  zonal   component of eddy 
d i f f u s i v i t y  (109 cm 5 .  sec -f ) ,  W i n t e r  1969-1974. 
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Fig.  26. L a t i t u d e - h e i g h t  sec ion   o f   the   zona l  component o f  eddy 
d i f f u s i v i t y   ( l o 9  cmE sec”) ,   Spr ing 1969-1974. 
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Fig.  27. L a t i t u d e - h e i g h t   s e c t i o n  o the  zonal  component o f  eddy 
d i f f u s i v i t y  ( l o 9  cm2 sec-'1, Sumner 1969-1974. 
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Fig. 28. Latitude-height sec  ion o f  the zonal component o f  eddy 
diffusivity (lo9 cm h sec-l), Fall 1969-1974. 
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Fig. 29. La t i tude-he ight   sec t ion  o the  meridional  component o f  eddy 
d i f f u s i v i t y  ( l o 9  cm2 ~ e c - ~ ) ,  Winter 1969-1974. 
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LATITUDE (ON) 

f i g .  30. L a t i t u d e - h e i g h t   s e c   i o n   o f   t h e   m e r i d i o n a l  component o f  eddy 
d i f f u s i v i t y   ( l o 9  cm i sec- l ) ,   Spr ing   1969-1974.  

43 



\ \ , /' 
\ 
\ / 

\ 2 
\ 

i \  
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

/I - \  

' \\  ' \  I \ 

I 
I 
I 

I '\ / \ 
/ \ 

01 
\ /. 

\ I  I O  0 I t ,  O I !  1 0  I 

60 50 
L 

40 30 20 IO 
ATITUDE ( O N )  

0 

F ig .  31. L a t i t u d e - h e i g h t   s e c   i o n  o the   mer id iona l   component   o f   eddy  
d i f f u s i v i t y  ( l o 9  cm 5 sec-'), Summer 1969-1974. 
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F i g .  32. Latitude-height  sec  Ion o the  meridional  component o f  eddy 
diffusivity ( lo9  cm5'sec-'), Fall 1969-1474. 
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Fig .  33. L a t i t u d e - h e i g h t   s e c t i o n   o f   t h e  zonal component  of  eddy 

d i f f u s i v i t y  (10” cn2 sec”), annual mean. 
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F ig .  34. Latitude-height  section  of  the  meridional component of eddy 
d i f f u s i v i t y  (10" cm' sec- l ) .  annual mean 
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APPENDIX 

TABLES OF THE RESULTS 

Rocketsonde  locat ions  are   ident i f ied by the following number: 

1 = F t .  Churchi l l ,  F t .  Greely,  Poker  Flats 
2 = Wallops  Island 
3 = P t .  Mugu , White Sands 
4 = Cape  Kennedy 
5 = Barking  Sands 
6 = F t .  Sherman,  Kwajalein 
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Table  1. Mean zonal wind (m sec- l ) ,   Winter  1969-1974. 
. . . -. . . - . . . "  . ~ 

~~ .. - " 

Sta t ion  
A1 t 1  2  3  4  5  6 

55  27.3 57.0 44.6 30.2 35.7 18.7 

50  27.3 53.5 39.1 20.3 18.9 -1.1 

45 25.4 47.4 33.5 14.5 8.8 -11.1 

40  20.0 37.4 26.2 13.4 1.5 -12.5 

35  15.6 ' 28.6 18.4 17.2 6.3 -12.8 

30  13.1 16.4 7.6 11.6 7.8 -5.1 
- " .  . . . .~_________ ~~ 

Table 2. Mean zonal wind (m sec-l) ,   Spring 1969-1974. 
- .  _"" _ -  

. 

Sta t ion  
A1 t 1 2 3 4 5 6 

_-_.-~_"..i"- - 

55 -1 5.5  -20.4  -24.2  -24.3 -20.2 -2.5 

50  -9.8  -15.1  -20.0 -20.4 -20.0  -10.2 

45 -7.6 -1 1.4 -15.2  -18.6  -22.4 -3 .3 

40 -7.7 -6.1 -7.9  -10.6  -17.3  -11.5 

35 -7 .O -1.2  -2.2  -4.6  -14.0 -20.2 

30 -6.6 -.8 -3.0 -5.5 -12.0  -17.3 
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Table 3. Mean zonal wind (m sec-l) ,  Sumner 1969-1974. 

A1 t 1 2 
S t a t ion  

3  4 5 6 
~ ~~ 

55  -12.9 -34.1 -29.8 -26.0 -14.4 -.7 

50  -7.9 -28.6 -31.6 -32.8 -27.0 -10.6 

45  -5.0 -26.9 -30.0 -33.8 -32.8 -21.3 

40 -3.0 -21.5 -22.8 -26.1 -30.3 -27.8 

35  -3.5 -15.5 -17.9 -22.4 -28.0 -26.7 

30  -3.0 -13.2 -17.7 -22.8 -26.5 -22.5 

Table 4. Mean zonal wind (m sec- l ) ,   Fa l l  1969-1974. 

S t a  t i  on 
A1 t 1 2 3 4  5  6 

55  41.9 83.7 68.4 47.3 45.0 16.7 

50 44.6 75.9 63.6 43.8 42.0 10.0 

45  42.8 64.0 50.6 37.7 33.7 8.9 

40  32.4 48.8 40.0 31.5 21.5 7.0 

35 26.4 37.5 25.7 24.2 11.1 -2.3 

30  20.4 21.4 11.3 10.4 .8 -4.0 
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Table 5. Mean rneridonal wind (rn sec-l), Winter 1969-1974. 

" . . . . . . ". . . 

Sta t ion  
A1 t 1 2 3  4  5  6 

. . . . . . . . . 

55 -5.9 16.6 10.3 9.0 7.3 2.4 

50  -9.2 15.7 9.8 7.4 6.4 5.3 

45  -11.7 13.3 5.5 5.7 5.1 2.2 

40 -1 5.0 6.2 .2 1 .o 1.5 1.9 

35  -14.3 1.7 1.4 .5 .5 .3 

30 -12.5 2.5 -.l 3.1 1.2 .8 

Table 6. Mean meridional wind (m sec-I) ,   Spring 1969-1974. 

S t a t ion  
A1 t 1 2 3  4  5  6 

~ ~~~ ~~~~ ~~ ~ 

55  5.7 6.5 5.3 4.7 7.4 4.8 

50 3.8 5.3 6.5 5.3 6.2 5.2 

45 1.8 3.7 3.9 1.3 5.1 2.5 

40 1.9 .8 -.l -.8 .3 1.9 

35 1.5 .9 1.1 -.2 .6 .4 

30 .9 1.5 1 .o 1.2 1.2 1.4 
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Table 7. Mean  meridional wind (m sec"), Sumner  1969-1974. 

Station 
A1 t 1 2 3 4 5 6 

55 4.8  4.6  5.7  6.3  6.6  5.4 

50 3.1  6.3  5.8  4.6  5.7  5.0 

45 2.0  4.1  2.7  .4  3.8  2.9 

40 1.6  1.2 .o -.6 .3 1 .o 

35  1.7  .9  1.2  .7 1.5 .1 

30 .a .9  .6  -.2 .8 1.1 

Table 8. Mean  meridional  wind (m sec-l), Fall 1969-1974. 

S ta ti on 
A1 t 1 2 3 4 5 6 

55 -6.3 13.6 13.0 a. 5 6.3 2.0 

50  -8.7 14.9 12.9 10.0 7.5 2.7 

45 -1 1.8 12.4 6.2 7.3 5.3 2.2 

40 -14.3  5.4  1.4  2.3 .8 .7 

35  -13.6 2.9 2.7 2.7 .a .4 

30 -1 0.3 2.7 .o 2.2 .8 .2 
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Table 9. Variance o f  the zonal wind component (m sec-2) ,  Winter 2 
1 969- 1 974. 

S t a t ion  
A1 t 1  2  3  4  5  6 

55  547.6 479.8 447.3 339.7 346.5 197.2 

50  520.7 549.0 444.1 351 .6 290.9 190.5 

45  414.4 536.4 502.6 272.5 215.2 152.3 

40  303.5 493.3 362.0 222.3 130.7 69.4 

35 21 5.7 371.7 233.1 139.6 62.9 49.6 

30 159.0 197.5 111.5 61 .O 32.9 29.3 

Table  10.  Variance o f  the  zonal wind component ( m  sec-2) , Spring 2 
1969-1 974. 

S t a t i o n  
A1 t 1 2 3 4 5 6 

55  56.5 53.9 66.5 66.2 102.4 125.3 

50 30.7 55.1 49.3 57.7 50.1 70.3 

45  26.0 58.8 46.0 41.7 41.9 44.6 

40 14.0 33.4 31 .O 31.4 29.3 46.7 

35 12.3 25.8 15.1 27.5 24.1 23.1 

30 11 .o 18.6 9.6 12.9 16.4 13.4 
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Table 11. Variance o f  the  zonal wind  component ( m  sec-2), Summer 2 
1969-1  974. 

~~ 

Sta t ion  
A1 t 1  2 3 4  5  6 

55  69.7  99.0  92.4  95.1  54.7  101.9 

50  42.1  72.2  65.2  92.1  55.6  87.3 

45 24.7 53.5 45.2 59.4 47.2 85.0 

40 19.1 24.9 28.0 32.8 41.6 62.4 

35 11 .o 19.7 19.1 22.6 22.4 32.4 

30 7.0 13.7 14.5 13.5 11.1 15.0 

Table  12.  Variance o f  the zonal wind  component (m sec-2) ,   Fal l  2 
1969-1974. 

S t a t ion  - 
A1 t 1 2 3 4  5  6 

55 471 .9  375.3 283.8 532.6 375.6 245.1 

50  331.7 384.2 284.3 521.6 340.3 223.8 

45  186.7 195.6 173.2 297.5 230.3 196.5 

40  165.1 181.7 179.4 165.5 123.7 116.5 

35 137.1 151 .O 211.6 122.3 103.8 57.6 

30 113.7 88.2 129.2 69.8 60.9 44.3 
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Table 13.  Variance o f  the  mer id ional   wind component (m secm2), 2 

Winter  1969-1974. 

S t a t i o n  
A1 t 1  2  3  4 5 6 

55 344.8 231.7 136.7 86.8 92.1 57.0 

50 361.2 254.0 134.1 81.5 61.2 67.2 

45 305.8 250.1 118.6 61.9 42.2 30.8 

40 21 a. 0 182.5 56.8 46.9 30.1 17.5 

35 160.3 122.1 30.1 30.2 15.5 12.4 

30 127.2 69.1 11.5  19.6  11.1  6.0 

Table  14.  Variance o f  the  mer id ional   wind component (m sec ) ,  2 -2 
Spr ing 1969-1974. 

S t a t i o n  
A1 t 1 2 3  4 5 6 

55 41.9 39.3 29.2 34.6 39.2 63.0 

50 35.4 26.1 22.5 23.4 23.5 28.5 

45 22.6 16.9 14.4 16.7 18.1 18.2 

40 14.9 13.5 11.1 16.0 11.6 11.7 

35 8.1 6.2 9.0 9.0 7.8 10.5 

30 4.3 5.7 5.4 7.0 4.7 6.8 
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Table 15. Variance of the   mer id iona l   w ind  component (m2 sec-'), 
Summer 1969-1974. 

S t a t i o n  
A1 t 1  2  3  4  5  6 

55 26.4 36.6 42.3 63.6 47.5 52.1 

50  14.2 23.0 27.5 33.2 28.5 31.9 

45 10.7 16.1 18.1 27.7 18.5 21.2 

40 4.7 7.5 11 .0 15.2 10.7 16.5 

35  4.4 4.6 4.7 6.9 6.6 9.2 

30 2.6 3.0 2.8 4.1 4.3 6.9 

Table 16. Variance o f  the  mer id ional   wind component (m ~ e c - ~ ) ,  2 

Fa1 1 1969-1  974. 

S t a t i o n  
A1 t 1  2  3  4  5  6 

55  337.5 129.3 128.5 88.8 92.4 55.7 

50  280.6 107.8 123.1 81.2 85.2 39.7 

45  233.0 67.3 62.9 60.8 54.9 36.1 

40  176.7 43.8 39.0 42.1 28.0 21.7 

35 146.4 30.7 29.9 19.1 17.6 9.7 

30 92.7 18.9 14.0 12.5 8.2 6.7 
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Table 17. E u l e r i a n   i n t e g r a l   t i m e   s c a l e   o f   t h e   z o n a l  component 
o f   t u r b u l e n t   v e l o c i t y   ( d a y ) ,   W i n t e r  1969-1974. 

" 

S t a t i o n  
A1 t 1  2  3  4  5  6 

55 1.97 - 2.51 2.74 4.04 .83 

50 2.22 3.54 2.98 2.77 3.78 .94 

45 2.47 3.55 3.45 2.80 3.52 1.05 

40 2.73 3.56 3.91 2.82 3.26 1.16 

35 2.98 3.57 4.38 2.85 3.00 1.27 

30 3.23 3.58 4.84 2.88 2.74 1.38 

Table 18. Eu le r ian   i n teg ra l   t ime   sca le   o f   t he   zona l  component 
o f   t u r b u l e n t   v e l o c i t y   ( d a y ) ,   S p r i n g  1969-1974. 

S t a t i o n  
A1 t 1  2  3  4 5 6 

55 1.01 1.58 2.26 1.63 2.79 1.69 

50 1.17 1.96 2.23 1.67 2.62 1  .38 

45  1.34 2.33 2.20 1.70 2.45 1.07 

40 1.50 2.70 2.18 1.73 2.28 .76 

35 1.66 3.08 2.15 1.77 2.11 .46 

30 1.83 3.45 2.12 1.80 1.94 .15 
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Table  19. Eulerian in t eg ra l  time scale of the zonal  component 
of tu rbulen t   ve loc i ty   (day) ,  Summer 1969-1974. 

S t a t ion  
A1 t 1  2 3 4  5  6 

55  6.10 - 2.54 2.84 1.65 2.31 

50  5.42 5.37 3.24 3.51 3.26 2.17 

45  4.75 5.10 3.95 4.17 3.07 2.04 

40  4.07 4.84 4.65 4.84 3.77 1.90 

35 3.40 4.57 5.36 5.50 4.48 1.76 

30 2.72 - 6.06 6.16 5.19 1.62 

Table 20. Euler ian  integral  time s c a l e  o f  the zonal component 
o f  tu rbulen t   ve loc i ty   (day) ,   Fa l l  1969-1974. 

S t a t ion  
A1 t 1  2 3 4 5 6 

55  1.41 - 2.49 - 2.75 1.01 

50  2.11 - 2.68 6.64 3.25 1.02 

45  2.80 5.04 2.87 6.01 3.76 1.02 

40 3.50 4.03 3.06 5.39 4.27 1.03 

35 4.19 3.02 3.25 4.76 4.78 1.03 

30 4.88 2.01 3.44 4.13 5.28 1.04 
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Table 21. Eu le r ian   i n teg ra l   t ime   sca le  o f  the  mer id ional  component 
o f  t u rbu len t   ve loc i t y   (day ) ,   W in te r  1969-1974. 

S t a t i o n  
A1 t 1  2  3  4 5 6 

55 .39 - 1.91 1.01 .32  .32 

50 .68 2.69 1.81 1.15 .47 .30 

45 .97 2.81 1 .70 1.28 .62 -28  

40 1.25 2.92 1.60 1.42 .77  .26 

35 1.54 3.04 1.50 1.56 . 92. .24 

30 1.83 3.16 1.40 1.69 1.07 .22 

Table 22. Eu le r ian   i n teg ra l   t ime   sca le  sf the  mer id ional  component 
o f   t u r b u l e n t   v e l o c i t y   ( d a y ) ,   S p r i n g  1969-1974. 

S t a t i o n  
A1 t 1 2 3 4 5 6 

55 .72  .61 .50 1.15 .98  .24 

50 1.02 -68  .61 1 .oo .89  .24 

45 1.33 .75  .71 .86 .81 .24 

40 1.63 .81 .82 .71 .72  .24 

35 1.94  -88  -92  .56  .64 .24 

30 2.24  .95 1.03 .41 .55 .23 
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Table 23. Euler'ian  integral time s c a l e  of the meridional component 
o f  turbulent   veloci ty   (day) ,  Sumner 1969-1974. 

S t a t ion  
A1 t 1  2 3 4  5  6 

- 

55 .37 .59 .42  1.11  .12  .36 

50  .43 .61 .43  .99 .23 .34 

45  .49 .63 .44 .88 .33 .31 

40  .56 .65 .45  .76 .44  .28 

35  .62 .67 .46 .65 .54  .26 

30 .68 .70 .47 .53 .65  .23 
- . " 

Table 24. Euler ian  integral  time s c a l e  of  the meridional component 
of tu rbulen t   ve loc i ty   (day) ,   Fa l l  1969-1974. 

S t a t ion  
A1 t 1 2 3  4  5  6 

55 1.54 - 1.88  2.40 1.31 .28 

50 1.73 2.38 

45 1.92 2.31 

40 2.11 2.25 

1.88 2.25 

1.89 2.09 

1.89 1.94 

35 2.31 2.18 1.89 1.78 

30 2.50 2.12 1.89 1.63 

1.21  .27 

1.10  .26 

.99 -25 

.88 .24 

.77  .23 
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Table 25.  Zonal Component o f  Eddy D i f f u s i v i t y   ( 1 0  Cm2 .sec-'), 9 
Annual  Average,  1969 - 1974 

' S t a t i o n  
ALT 1 2  3  4  5  6 

55 74.3 59.0 69.0 63.5 81.2 40.8 

50  61 .O 98.5 70.6 115.3 66.5 29.3 

45  61.4 123.6 98.5 86.2 80.8 25.9 

40  62.7 123.8 101.2 66.5 49.3 17.7 

35  86.5 149.3 130.5 72.5 50.0 13 

30  105.3 108.5 105.5 50.0 40.8 10.3 

Table 26. Mer id iona l  Component o f  Eddy D i f f u s i v i t y  (10 Cm .sec- l ) ,  9 2  
Annual  Average,  1969 - 1974 

S t a t i o n  
ALT 1  2  3  4  5  6 

55 15.4 13.3 13.3 11.1 6.0 3.2 

50 17.8 24.4 12.1 9.7 4.5 1.3 

45  22.6 32.6 11.6 8.4 3.7 1.3 

40 24.0 31.8 7.3 7.0 2.7 .9 

35  38.3 36.2 7.3 6.6 2.6 .7 

30 45.8 30.0 4.4 66.2 2.3 .5 
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Table 27. Zonal Component o f  Eddy D i f f u s i v i t y ,   ( 1 0  Cm ' sec-I) ,  9 2  
Winter  1969 - 1974 

S t a t i o n  
ALT 1  2  3  4  5  6 

" 

55 112.0  116.0  97.0  145.2  16.9 

50 119.8  201.3  137.2  101 .o 114.0  18.5 

45 163.7  304.0  276.9  121.8  121 .o 25.5 

40  177.9  377.5 304.7  135.1  91.6  17.2 

35  225.3  465.0  358.1  139.6  66.1  22.0 

30  249.9  343.5  262.8  85.5  43.7  19.6 

Table 28. Zonal Component o f  eddy d i f f u s i v i t y   ( 1 0  cm sec ), 9  2 -1 
Spr ing 1969-1 974 

S t a t i o n  
ALT 1 2  3  4  5 6 

" 

55 16.5 24.6 43.3 31.2 82.2 61.2 

50 10.2 31.1 31 .7 27.7 37.8 28.1 

45  9.6 39.4 29.2 20.4 29.6 13.8 

40 5.7 26.0 19.4 15.7 19.2 10.3 

35 5.5 22. a 9.4 14.0 14.7 3.0 

30 5.4 18.5 5.9 6.7 9.2 .6 
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Table 29. Zonal component of  eddy d i f f u s i v i t y   ( 1 0  cm sec- l ) ,  9 2  
Sumner 1969 - 1974 

Sta t ion  
A1 t 1  2  3  4  5  6 

55  122.4 - 67.6 77.9 26.0 67.8 

50 65.7 111.7 60.9 93.1 37.1 54.7 

45  33.8 78.7 51.4 71.4 41.6 49.8 

40  22.4 34.7 37.5 45.6 45.2 34.1 

35 10.7 25.9 29.5 35.8 28.9 16.4 

30 5.5 - 25.3 23.9 16.6 7.0 

Table 30. Zonal component of  eddy d i f f u s i v i t y   ( 1 0  cm s e c - l ) ,  9 2  
Fall  1969 - 1974 

Sta t ion  
A1 t 1 2 3 4  5  6 

55  46.1 - 48.7 - 71.3 17.1 

50 48.3 - 52.5 239.3 76.5 15.7 

45  38.4 72.4 36.4 131.3 63.6 14.7 

40  44.9 56.9 42.6 69.3 41 .O 9.3  

35 104.2 82.8 124.6 100.0 90.0 10.7 

30 159.9 51.1 127.9 83.1 92.6 13 .3  
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Table 31. Meridional component of eddy d i f f u s i v i t y   ( 1 0  9 cm2 ' sec" ),  
Winter 1969 - 1974 

S ta t ion  
A1 t 1  2  3  4  5 6 

_- - . . . . - . " . .. _ _ _ _  
55 14.1 - 27.0  9.1  3.0  1.9 

50 25.5 70.9 25.1 9.9 3.0 2.1 

45  47.3 112.3 32.3 13.2 4.2 1 . 4  

40 58.9 114.8 19.6 15.1 5.0 1 .o 
35 86.7 130.2 15.8 17.5 5 .0  1 . 1  

30 113.2 106.1 7.8 17.4 5.7 .7 
- _I 

Table  32.  Meridional component of  eddy d i f f u s i v i t y  (10 cm s e c - l ) ,  9 2  
Spring  1969 - 1974 

- - . _  - .~ 

Sta t ion  
A1 t 1 2 3 4  5  6 

- 
55 8.7  6 .9   4 .2   11.5 11 .o 4 .3  

50 10.4 5.1 3.9  6 .8   6 .0   1 .9  

45  8.7 3.6 3.0 4.1 4.2 1.2 

40 7.0 3.2 2.6 3.3 2.4 .8 

35 4.5 1 .6  2.4 1 .4  1.4 .7 

66 

30 2.7  1 .6   1 .6  .8 .7  .5 



Table 33. Meridional component of eddy diffusivity  (10 cm sec"]), 9 2  
Summer  1969 - 1974 

Station 
A1 t 1 2 3 4 5 6 

- "" 

55  2.8  6.2  5.1  20.3  1.7  5.4 

50  1.8 4.0 3.4 9.5 1.9 3.1 

45 1.5 2.9 2.3 7.0 1.8 1.9 

40 .8 1.4 1.4 3.3 1.3 1.3 

35 .8 .9 .6 1.3 1 .o .7 

30 .5  .6 .4 .6 .8 .5 

Table 34. Component of eddy diffusivity  (10 cm sec-l), Fall 1969- 9 2  
1974 

"I 

Station 
A1 t 1 2 3 4 5 6 

- - . - "- 
55  35.9 - 16.7 14.7 8.4 1.1 

50  33.6 17.5 16.0 12.6 7.1 .7 

45  32.9 11.4 8.7 9.4 4.4 .7 

40 29.1 7.7 5.7 6.3 2.1 .4 

35  61.2 12.1 10.3 6.2 2.8 .4 

30  66.7 11.5 7.6 5.8 1.8 .4 
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Table 35. B. Values used to  calculate both the zonal and meridional 
1 

components of eddy  diffusivity. 

Season 
A1 t  Winter Spri  ng Summer Fa1 1 
SA" ~~ = " ~ . ~ . - 
5 5   . 1 2   . 3 3   . 3 3  .08 

5 0   . 1 2  . 3 3   . 3 3  .08 

4 5  .19 . 3 3   . 3 3  .09 

4 0   . 2 5  . 3 3   . 3 3  .09 

35 .41 . 3 3   . 3 3  .21 

30  .56 . 3 3   . 3 3   . 3 3  
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SUMMARY AiiD CONCLUSIONS 

I n  most   ins tances ,   the   zona l  component o f  eddy d i f f u s i v i t y   i s   t h r e e  

t o   f i v e   t i m e s  as l a r g e  as i t s   m e r i d i o n a l   c o u n t e r p a r t .   B o t h   v a r y   g r e a t l y  

w i t h  season, l a t i t u d e ,   a n d  a1 t i t u d e .   L a r g e s t   m a g n i t u d e s   a r e   f o u n d   i n   t h e  

v i c i n i t y   o f  38'N a t  35 km, w h i l e   e d d y   d i f f u s i v i t i e s   w i t h i n   t h e   e a s t e r l i e s ,  
even i n   r e g i o n s   o f   r e l a t i v e l y   s t r o n g   f l o w ,   a v e r a g e  one o r d e r   o f   m a g n i t u d e  
l e s s .   I n   t h e   t r o p i c s ,   w h e r e   s e a s o n a l   v a r i a t i o n s  i n  t h e   w i n d   f i e l d   a r e  

much sma l le r ,   bo th  components o f  eddy d i f f u s i v i t y   r e m a i n   r e l a t i v e l y   c o n s t a n t  

t h roughou t   t he   yea r .  Maximum a n n u a l   s t r a t o s p h e r i c   v a l u e s   o f   t h e   z o n a l  
d i f f u s i v i t y  component occur   near  40"N a t  35 km, w h i l e  maximum annual 
s t r a t o s p h e r i c   m e r i d i o n a l   v a l u e s   o c c u r   n e a r  60"N a t  30 km. Both  zonal   and 

m e r i d i o n a l   d i   f f u s i   v i  t y  components  have  annual  tropopausal maximums , t h e  
zonal  maximum occu r r i ng   a t   40 "N ,wh i l e   t he   mer id iona l  maximum o c c u r s   a t  

50"N. Annua l ly ,  a d i f f u s i v i t y  minimum i s   l o c a t e d  between 20 and 25 km f o r  

b o t h   d i f f u s i v i t y  components. 

U n f o r t u n a t e l y ,   d i s p e r s i o n   r a t e s   i n   t h e   r e g i o n   o f  SST t r a v e l   a r e ,  

t h e r e f o r e  , ra the r   sma l l   i n   compar i son   w i th   t he   t roposphere   and   upper  
s t r a t o s p h e r e .   A s s u m i n g   t h a t   t h e   v e r t i c a l  component o f  eddy d i f f u s i v i t y  

i s   p r o p o r t i o n a l   t o   h o r i z o n t a l   d i f f u s i v i t i e s ,  convergence  would  be  present 

i n   t h e   l o w e r   s t r a t o s p h e r e  due t o   t h e   h i g h e r   v e r t i c a l   d i f f u s i v i t i e s  above 

and  be low.   M ix ing   be tween  the   t roposphere   and  upper   s t ra tosphere   shou ld  

a l s o  be ra the r   s low .  

S t r i k i n g   s i m i l a r i t i e s  be tween   the   va r iance   and   eddy   d i f f us i v i t y  

a n a l y s e s   d e m o n s t r a t e s   t h a t   v a r i a t i o n s   i n   t h e   i n t e n s i t i e s   o f   t h e   t u r b u l e n t  
f l u c t u a t i o n s   a r e   c h i e f l y   r e s p o n s i b l e   f o r   t h e   s t r o n g   s e a s o n a l  , l a t i t u d i n a l  , 
and a1 ti t u d i n a l  dependence. A l though wave dynamics  are  not   wel l   under-  

stood  above  30 km, p a r t   o f   t h e s e   f l u c t u a t i o n s  may be exp la ined   by  

t r a v e l i n g   p l a n e t a r y  waves o f  two-week p e r i o d s   f o u n d   i n   t h e   w i n t e r   b y  

H i r o t a   ( 1 9 6 8 )   a n d   d u r i n g  summer by  Meunch (1969)   and  H i ro ta   (1975) .  

P a r t   o f   t h e   g r e a t e r   w i n t e r   v a r i a n c e  can  be a t t r i b u t e d  t o  s t r a t o s p h e r i c  
sudden  warmings,   both  major   and  minor .   F luctuat ions on a s m a l l e r   s c a l e  

may be   p roduced   by   i n te rac t i ons   be tween   ve r t i ca l l y -p ropaga t ing  waves  and 
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s t rong   wes te r l y   f l ow   (Wofsy   and   McE l roy ,   1973) .   I n   any   case ,  a b e t t e r  

u n d e r s t a n d i n g   o f   s t r a t o s p h e r i c   d y n a m i c s   i s   n e c e s s a r y   i n   o r d e r   t o  more 

t h o r o u g h l y   e x p l a i n   t h e   v a r i a t i o n s   i n   e d d y   d i f f u s i v i t y .  
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